ABSTRACT: Human brain development is a complex process that evolves from early childhood to young adulthood. Major advances in brain imaging are increasingly being used to characterize the developing brain. These advances have further helped to elucidate the dynamic maturational processes that lead to the emergence of complex cognitive abilities in both typical and atypical development. However, conventional approaches involve categorical group comparison models and tend to disregard the role of widespread interindividual variability in brain development. This review highlights how this variability can inform our understanding of developmental processes. The latest studies in the field of brain development are reviewed, with a particular focus on the role of individual variability and the consequent heterogeneity in brain structural and functional development. This review also highlights how such heterogeneity might be utilized to inform our understanding of complex neuropsychiatric disorders and recommends the use of more dimensional approaches to study brain development.
Introduction
Human brain development is a complex and dynamic process that evolves from early childhood to adolescence and young adulthood. Over the past two decades, major advances in magnetic resonance (MR)-based structural and functional neuroimaging have greatly enhanced our understanding of brain development across the lifespan. [1] [2] [3] Brain imaging analyses are increasingly being used to characterize the developing brain and to understand the dynamic maturational processes that lead to the emergence of sophisticated cognitive abilities. Such processes are not only complex but also heterogeneous, and, as such, there are significant individual differences in the emergence of these abilities and their underlying brain architecture. 4, 5 Despite frequent reports of individual variability, there has been little examination of its neural underpinnings and its implications for understanding clinical heterogeneity in psychiatric disorders. The presence of such individual differences has typically been treated as "noise" and a challenge to the statistical validity and generalizability of findings. 6 Conventional analytical approaches that are used to study neurodevelopmental disorders involve comparison with a "neurotypical" control using one-dimensional, categorical methods. 7, 8 However, most neuropsychiatric disorders defy simple biological boundaries and diagnostic categories and are rife with variability. 9, 10 This variability can stem from the underlying genetic, environmental, and developmental factors and can manifest as differences both within and across individuals. Intraindividual variability refers to within-person changes in a measurable individual characteristic, over time and over the course of cognitive and brain development. Such variability is often observed when a study makes repeated measurements of a particular variable within an individual. For example, the level of cortisol in the body collected at different times during the day or brain activity during repeated occurrences of a particular task will each vary due to factors that are intrinsic to that individual at a given point in time. On the other hand, interindividual variability reflects differences across individuals. Such variability often occurs due to differences in factors such as age, sex, intellectual functioning, and the presence of a neurodevelopmental disorder in addition to previously mentioned intrinsic factors. Interindividual variability can often affect findings of a study that is trying to make generalized inferences by averaging groups of individuals under specific conditions. For instance, differences between boys and girls in performing a spatial reasoning task may be influenced by the age at which they are measured; likewise, the differences in brain structure between individuals with and without schizophrenia may relate to whether they respond to a particular medication, rather than merely their diagnosis. 11, 12 While categorical approaches may lead to common findings between groups of individuals, they often tend to disregard the role of various other interacting factors (such as age, sex, and intellectual functioning) that may be contributing to the outcomes at hand.
Variability is of special interest in the context of brain development, where it is well known that multiple interacting factors influence brain structure and function and result in the emergence of complex cognitive traits. Some brain imaging studies have begun to combine multimodal measurements of brain structure and function to address this complexity. 13, 14 Combining such methods that employ various measurement modalities with analytical approaches that take into account the effect of numerous interacting dimensions such as age, sex, and intellectual functioning on brain architecture is critical for the study of complex brain processes. It is crucial to adopt such multidimensional approaches because of the flexibility they offer in accounting for the numerous factors that influence brain development, especially at the level of the individual. Current one-dimensional, categorical group difference-based approaches are insufficient, not only for neurodevelopmental disorders but also for typical development. Consequently, recent efforts have been made toward a more fine-grained approach to determine the cognitive and behavioral phenotypes and their neural correlates, focusing on the role of individual differences. 4, 15, 16 These efforts have been further supported by genetic evidence that suggests that psychiatric diagnoses are not categorically distinct but comprise various dimensions. As such, one-dimensional categorical models are inadequate to describe neurodevelopmental outcomes.
This article reviews the latest advances in the methods of brain development, specifically highlighting objectives, models, and principles for the study of typical development and neurodevelopmental disorders. The main goal is to summarize the findings and highlight the role of individual variability and the consequent heterogeneity in brain structural and functional development. There is a particular focus on moving away from group difference-based categorical approaches to more dimensional approaches that take interindividual variability into account. Employing such approaches in future studies of brain development may permit more sensitive measurements of neurodevelopmental mechanisms. Moreover, such approaches may also provide better statistical models and define clinically relevant biomarkers that better predict behavioral outcomes over time.
Methods and Principles of Studying Brain Development
The development of the human brain occurs through the interaction of multiple synchronized processes, some of which are complete before birth, while others continue into adulthood. [17] [18] [19] The first two years of life are an exceptionally dynamic period of structural and functional development in the brain. The infant brain reaches 80% of adult volume by two years of age with a doubling of cortical gray matter volume in the first year of life. 20 Both cross-sectional and longitudinal studies have demonstrated that brain development is dynamic and spatially heterogeneous 1, 18, 19, [21] [22] [23] with different brain regions following temporally distinct developmental trajectories over time. 22, 24, 25 Increasing evidence suggests that many neurodevelopmental and psychiatric disorders are the result of atypical brain development in this stage of rapid cortical growth in early childhood. 24, 26 As such, studying brain structure and function during this early period, and following its trajectory to young adulthood, has been critical for understanding the mechanisms underlying typical and atypical development. 27 The increase in brain volume from birth to adolescence is not uniform; there is differential growth between subcortical and cortical regions and between different regions of the cortex. 18 Brain structure in infants resembles the adult brain by two years of age, and the main fiber tracts can be observed by three years of age. 20 Brain volume continues to develop as a function of age and cognitive function and is used as a common metric to study cortical development over time. 2, 27, 28 Cortical thickness (CT) and surface area (SA), which are constituents of brain volume, are known to reflect independent components of cortical morphology. 29 Both CT and SA are used as regional metrics of typical brain development. Additional methods such as voxel-based morphometry (VBM) and diffusion tensor imaging (DTI) offer complementary structural imaging approaches (Fig. 1) . Given the significant heterogeneity in the trajectories of brain structure in both typical and atypical development, 8, 30 ,31 a combination of these methods has proven useful for the study of brain development in terms of aging, cognitive functioning, as well as atypical development in disorders such as schizophrenia, 1, 32 autism spectrum disorder (ASD), [33] [34] [35] and attention deficit hyperactivity disorder (ADHD). 25 Using a multidimensional approach that brings together complementary imaging methods, while accounting for contributing factors such as intelligence, language, and social functioning, can lead to more informative models of typical and atypical brain development.
Complementary to the study of brain structure, many studies use functional brain imaging to examine brain activity in specific regions of the brain in relation to sensory, motor, and cognitive functions during development. 28, 36 The most common methods for studying functional brain development are functional magnetic resonance imaging (fMRI), electroencephalography (EEG), and magnetoencephalography (MEG). All these methods are based on the measurement of brain activity (as measured by blood oxygenation response of neurons in the case of fMRI and local electrical or magnetic signals in the case of EEG/MEG) and their correlation with specific tasks designed to measure a particular cognitive function. 14 Incorporating structural and functional imaging methods into Figure 1 . Methods for the study of brain development. This figure illustrates some of the methods used for studying brain development. These include cortical thickness and surface area mapping, voxel-based morphometry, diffusion tensor imaging, and functional magnetic resonance imaging.
a combined multidimensional approach, while taking into account the role of individual differences, offers a powerful strategy to address questions about brain development.
As adults, we have brains that are highly structurally and functionally specialized. 37 For example, discrete regions of our cortex support cognitive functions such as language and face processing. 2, 28 Understanding the developing brain ultimately depends on understanding how distributed brain regions interact and develop with age to produce such sophisticated cognitive functions. 38 This process can be examined on various levels, from cellular development up to the brainwide organization of large-scale neural systems, as well as by examining the connections within and between each of those levels. Neuroimaging and histological evidence from the last decade suggests that cortical connections are fine-tuned through pruning of overabundant synapses and strengthening of relevant connections, as a function of genetics and experience. [17] [18] [19] 25 Changes at this microstructural level further influence the maturation of brain structure at a more macrostructural level, which can be measured by techniques such as CT/SA mapping and VBM. Furthermore, the development of brain structure mirrors the functional development of an individual in a bidirectional fashion and reflects the cognitive and behavioral processes. Consequently, brain development results due to interactions both within and across brain structure and function. It is the integration of these various domains that in turn helps in the emergence of complex brain systems. Understanding the role of this integration is critical to the study of brain development. 14, 38, 39 As such, the field of functional neuroimaging has extended beyond taskbased functional activation studies, which determined regionally defined functional specializations, to a more distributed systems approach to study functional integration. 38 New acquisition methods, such as resting-state functional connectivity and novel data-analytic approaches, allow for the study of large-scale brain networks and connectivity, even in very young populations such as infants who may be at high risk for neurodevelopmental disorders such as ASD. 40, 41 Connectivity is an umbrella term that encompasses a variety of approaches to measure both physical (structural) and statistical (functional) relationships among brain regions. 38, 42 Structural connectivity can be studied using DTI, which allows the investigation of the morphology of white matter pathways in the brain. 43 Specifically, DTI is sensitive to the directionality (anisotropy) of diffusion of water molecules in brain tissues, which in turn provides information about the integrity and orientation of white matter tracts. Studies using DTI have shown increased anisotropy, decreased overall diffusion, and increased myelination in major white matter fiber tracts with age. 44 Additional approaches, such as structural covariance network (SCN) analyses, have recently been used to study the development of large-scale anatomical networks in both typical and atypical development.
39,45 SCN analysis is an anatomical correlation-based approach that measures the interrelationships among brain regions based on structural covariation (e.g., of CT) across individuals. SCNs can be used to study coordinated maturation of brain regions, reflective of intrinsic functional networks. Functional connectivity offers a complementary approach that applies similar covariation analyses to resting-state fMRI data. 38 This method detects interregional correlations in spontaneous blood oxygen level-dependent signal fluctuations. As such, it has been used to investigate large-scale brain networks involved in motor, sensory, attention, salience, and cognitive control and memory systems. 40, 46 The analysis of such large-scale networks using multimodal approaches not only reflects the link between structural and functional aspects of brain development but is also critical for gaining insight into the emergence of complex cognitive functions. Alongside such methods, the use of multidimensional analytical approaches can offer ways to understand brain network architecture in the context of age, sex, and intellectual functioning-related changes as opposed to one-dimensional, categorical approaches. Not only will such multidimensional models take into account the role of individual variability, but they will also allow more sensitive statistical measurements by taking into account the temporal nature of development. Moreover, such approaches are biologically meaningful and clinically relevant, especially in the framework of neurodevelopmental disorders such as ASD, ADHD, and schizophrenia, where typical developmental processes are disrupted.
Neurodevelopmental Disorders
The study of atypical brain development facilitates the understanding of typical development itself. 26 Neurodevelopmental disorders are characterized by atypical brain development leading to cognitive, neurological, or psychiatric dysfunction. Such disorders encompass several disease classifications including intellectual disability, developmental delay, autism, schizophrenia, and depression. 5, 47, 48 Despite seemingly distinct primary diagnoses, considerable heterogeneity as well as clinical overlap exists among individuals affected by these disorders.
As highlighted above, there is a significant variability, both biological and behavioral, in development. This variability can manifest in the presentation of behavioral symptoms or abilities as well as in the underlying brain structure and function. In the case of atypical development, this variability includes both etiology and phenotypic presentation-in terms of diagnostic characteristics as well as outcome over time. Individuals with ASD, for example, can present with or without cognitive impairment or intellectual disability. 49, 50 In fact, comorbidity with other disorders such as ADHD is often presented in individuals with ASD. 8 Such clinical overlap has also been observed for psychiatric disorders, such as bipolar disorder and schizophrenia. 51 Similarly, it is well known that individuals with schizophrenia also show comorbidity with cognitive impairments of varying severity. 52 Many of these psychiatric disorders have been associated with specific neuroanatomical differences. 53, 54 However, these brain-related differences are not found in all individuals with the disorder and are more often than not reflective of a particular behavioral outcome rather than their shared diagnosis. 1 As such, similar atypicalities can be seen in individuals who meet the diagnostic criteria for different psychiatric disorders. On the other hand, these characteristics are not necessarily seen in each and every individual who meets the diagnostic criteria for a particular disorder. Another important aspect in understanding heterogeneity comes from the recognition that these atypicalities, once considered a particular characteristic of a few rare individuals, are now seen as a broad dimension of individual difference that is widely distributed in the general population. 55 Such heterogeneity presents significant challenges in the interpretation of findings and is likely a primary contributor to inconsistencies across different studies. For instance, in ASD, there have been reports of both cortical thickening and cortical thinning, and several cases without any difference in CT have also been reported. [56] [57] [58] Similarly, cross-sectional studies of ADHD show extreme variability in the findings of children and adults in terms of changes in the prefrontal cortex. However, consideration of both age and ADHD subtype (persisters vs remitters) has helped in unifying such findings. 59 In the field of schizophrenia, research is moving away from simply investigating group differences in visual processing or executive functions toward identifying brain correlates of individual responsiveness to a particular medication. 11 Thus, there is an urgent need for identification of clinically relevant "biomarkers" to stratify broad disorder phenotypes into treatment-relevant subgroups. 5 Brain-related measurements may offer a potential to develop such biomarkers. Such biomarkers will help in the development of better diagnostic specificity and sensitivity and translate into clinical practice as reliable measures to monitor individual outcomes. 4 In doing so, we may better understand the inconsistencies in previous findings and arrive at more conclusive results at the individual level. Moreover, such an approach will help in a more comprehensive understanding of neurodevelopment, without depending on the complete understanding of a particular disorder and the search for a universal etiology.
Variability in Brain Development
As described above, the maturation of the human brain is a dynamic and complex process, with age-and sex-related differences, structural asymmetry, and uneven developmental trajectories across the lifespan. 1, 24 Past research indicates that the relationship between genes, environment, brain, and behavior is complex and very indirect. 60 Rather than identifying mere snapshots of developmental outcomes, the ontogenetic basis of development must be taken into account by investigating trajectories of these various factors. 24, 61 Information about brain development, complete with its points of susceptibility or windows of opportunity, provides a starting point for understanding the development and progression of psychopathology. Thus, there is a need to progress from investigating average differences between individuals with and without a diagnosis toward identifying key dimensions of individual differences within the diagnosed group. In this context, this review highlights the specific role of a number of factors on brain development such as age, sex, intelligence quotient (IQ ), and language abilities.
Some of this variability is already typically accounted for in current research designs. For instance, the effect of developmental age is a research topic of substantial interest. In combination with advances in imaging technology, this has led to the study of neurodevelopmental disorders early in life and, longitudinally, to understand how alternative developmental pathways might lead to different phenotypic outcomes. 17 For example, in typical development, the total brain volume follows an inverted U-shaped trajectory but peaks at different ages across the sexes. 18 Similarly, age-related changes in disorders such as ASD also manifest as distinct trajectories early in development. 34 In adolescence, core cognitive processes continue to develop and mature, parallel to structural brain changes. 2 It is important to study disorder-related differences in the context of such developmental trajectories.
Recent findings have shown significant associations between regional patterns of structural brain change and cognitive development. 17, 22, 23 Shaw et al 23 demonstrated that the trajectory of change in the thickness of the cortex is highly related to intelligence level. The authors found a marked developmental shift from a predominantly negative correlation between intelligence and CT in early childhood to a positive correlation in late childhood and beyond. Additionally, the level of intelligence was associated with the trajectory of change in CT, especially in the frontal cortex, a region implicated in the maturation of intelligence. Gogtay et al 22 reported accelerated maturation of the frontal lobe during adolescence and found this maturation to be related to better executive function. Reviewing 37 neuroimaging studies, Jung and Haier 62 reported a remarkable agreement among findings that relate individual intelligence test scores to variations in brain structure and function in a large network of parietofrontal regions. More recently, Karama et al 63 analyzed a large normative sample of children and adolescents (N = 216) and found associations between intelligence scores and CT in lateral prefrontal, occipital extrastriate, and parahippocampal areas. Variations in these structures and functions may be biomarkers for intelligence. 64, 65 Furthermore, variations in these brain structures might be predictive of cognitive abilities at different ages. This has most recently been illustrated in the study by Karama et al, 66 which analyzed 588 participants who had IQs available at both 11 and 70 years of age and structural MRI data obtained at approximately 73 years of age. It was found that childhood IQ accounted for more than two-thirds of the association between IQ at 70 years and CT measured at 73 years. These findings suggest that prior measures of cognitive functioning can be useful in explaining individual differences in brain structure at later ages.
Another domain of interest has been the role of sex differences in brain development. Morphologically, men have larger brains than women. 67 Previous studies have suggested that focal differences in gray matter between males and females might account for the behavioral differences in spatial and verbal abilities between men and women. 68 Numerous studies have reported the role of sex differences in white matter connectivity as well. Gong et al 69 investigated the effects of sex on the topology of anatomical networks using SCN analysis combined with DTI tractography in 95 normal subjects aged 19-85 years. After controlling for age and brain size, women showed greater overall cortical connectivity and higher values in the efficiency of network organization. Notably, there was a clear hemispheric asymmetry of sex differences in regional efficiency. These differences have been further substantiated by subsequent studies of structural and functional connectivity that have identified sex differences. It has also been shown that there are age-dependent sex differences in brain maturational processes. 61, 67 The study of age-related sex differences in cerebral pruning and myelination may aid in understanding the mechanism of several developmental neuropsychiatric disorders that show sex-specific incidence and clinical features. For example, ASD has a higher prevalence in males. 70, 71 In schizophrenia, male and female individuals, on average, show different symptoms, age of onset, and time course of the illness. 72 It is possible that the differences in the underlying brain structure and function may account for the sex-specific nature of these disorders.
As highlighted above, multiple factors such as age, sex, and IQ contribute to individual differences in brain development. It is crucial to account for these, and any other relevant factors, in current analytical models. The following section describes some approaches that have been taken toward this goal to convert heterogeneity into an opportunity, rather than a limitation. Furthermore, accounting for factors that contribute to phenotypic variability can better inform models of analysis while still maintaining the generalizability of findings to broader groups.
Categorical versus Dimensional Approaches in Studies of Brain Development
As reviewed above, variability is a characteristic feature of brain development and a potential indicator of ongoing maturational processes. Heterogeneity should therefore be treated as an important source of information. The quantification of natural variability due to these above-mentioned factors (age, IQ , gender, etc) can be a useful tool to characterize betweenand within-subject deviations in brain metrics for both typical and atypical development.
The conventional analytical approach in the studies of brain development has been the group comparison method. Consequently, group-averaging techniques are well developed and commonly accepted, and in this context, variability within groups is generally considered to represent error or noise. Even in models that include multiple covariates, the objective is to account for that variability to further increase sensitivity to averaged group differences. However, including measures of variability in statistical models of analysis as covariates of interest can be very informative in understanding developmental trajectories. Such analyses not only complement categorical approaches but could also lead to further hypotheses about the etiology and phenotypic presentation of complex neuropsychiatric disorders. Furthermore, the very concept of "categorical" psychiatric disorders is questionable, given that most disorders defy a simple description defined by diagnostic boundaries. As such, a dimensional spectrum may provide a better account of the clinical reality and may help in the development of clinically useful biomarkers 4,16 while still not limiting generalizability of results.
Toward this goal, a few recent studies have taken a multidimensional approach for better understanding individual differences in brain structural and functional development. The main objective of these multidimensional approaches has been to use metrics that can explain brain imaging data from clinical samples in a biomedically relevant perspective. For example, Lombardo et al 73 examined the role of functional brain responses to speech as a neural predictor of language outcome in toddlers at risk for ASD. They found that this outcome measure in prediagnosed ASD toddlers having good language outcome was very similar to non-ASD comparison groups. This result was in contrast to toddlers with ASD having poor language outcomes and decreased brain response to speech. In this way, comparing distinct functional neuroimaging phenotypes can provide insight on an ASD toddler's later outcome before ASD diagnoses become clinically clear, as opposed to merely identifying group differences in functional neuroimaging responses to speech in ASD versus non-ASD toddlers. 74 In another study by Lai et al, 75 the authors showed that high-functioning adult males with ASD showed neuroanatomical variations that were best explained by their developmental and current language characteristics, not merely the diagnosis of ASD, further suggesting that such characteristics significantly contribute to neuroanatomical differences between ASD and typical individuals. In a similar approach, an ongoing study in our laboratory is investigating how within-group differences in structural language abilities are related to anatomical covariance patterns in high-functioning, school-age children with ASD, rather than simply comparing covariance patterns in a group-wise manner between ASD and a typically developing comparison group. 76 More specifically, our findings show that alterations in cortical structure and covariance in children with ASD are related to their structural language abilities. They also suggest that diagnostic specifiers, such as language, can be useful tools for understanding heterogeneity in ASD, much more than either symptom severity or cognitive ability. In another study by Mueller et al, 15 the authors explicitly studied the role of interindividual variability on functional connectivity across the cortex by taking measurements at multiple repeated time points and subsequently controlling for the effects of intraindividual variability. Their results showed that this variability was best explained by the extent of evolutionary cortical expansion between macaques and humans, further suggesting that individual differences can provide valuable insight, not just about ontogenetic development but also about brain evolution. Together, these recent studies highlight approaches that directly benefit from individual variability while examining typical and atypical development.
There is an urgent need to follow such studies with more detailed characterizations of brain and behavioral phenotypes across the lifespan. Identifying the intrinsic biological factors underlying different developmental outcomes and neuropsychiatric subtypes is crucial for better understanding the complex mechanisms underlying neurodevelopment. 77 The above-outlined dimensional approaches can provide a way to do so, in particular, to better explain variable clinical change. 7 This will aid the formation of more clear and consistent theories about the pathophysiology of neurodevelopmental disorders, especially in the context of high variability.
Conclusions
Brain development across the lifespan is a complex and dynamic process that should be considered from early infancy onward and simultaneously through multiple modalities. The treatment of individual variability in development as merely an expression of measurement error or noise is limiting, especially when it precludes its consideration as a metric of interest, either as an indicator of development or as the reason of change. Thus, there is a need to move forward from investigating average differences between groups of individuals toward identifying key dimensions of individual differences within the groups, based on interacting factors such language abilities, IQ , and age. Dimensional approaches to brain development that specifically take individual variability into account can provide more sensitive measurements of neurodevelopmental principles, as well as improved statistical models. This is critical for understanding the mechanisms underlying the development of brain structure and the emergence of cognitive functions. As such, these dimensional approaches can provide an important tool to identify clinically relevant phenotypes that are accurate predictors of outcome over time, without depending on a complete understanding of the etiology of disorders. It is critical that brain development research includes studies of individual trajectories, considering not just age but also cognitive development as a whole. As outlined in this review, this has significant implications for both research and clinical settings.
